Photon absorption is a primary cause of limited solar cell performance. A proposed solution is investigated in this paper through modeling and simulation of a hybrid multi-junction silicon (HMJ-Si) solar cell. HMJ-Si cells, which are stacked silicon solar cells with an insulating air gap between them, were designed with front and rear metal grating geometries that exploit interference patterns for enhanced light management. Interference patterns were investigated in MATLAB® by using the Rayleigh-Sommerfeld formula to model 31 distinct wavelengths from 800-1100nm. Also incorporated in the model were plane wave tilts from -0.005 to 0.005 radians to account for the maximum angle of light subtended by the sun. The exploration of various grating geometries showed that contact widths of 400μm spaced 900μm apart provided an optimal destructive interference pattern while maintaining a 69.2% throughput. This contact grating was selected for finite-difference time-domain (FDTD) analysis using Lumerical® FDTD Solutions. The resulting far-field projection verified that the destructive interference pattern reaches the bottom cell with negligible fringing effects. Further analysis of the data led to a nominal bottom cell front contact width of 200μm spaced 1100μm apart.
INTRODUCTION

Background
A significant factor that limits solar cell efficiency is photon absorption. Light trapping schemes are often employed to help increase efficiency and are currently focused on improving thin-film or multi-junction solar cell performance. Techniques being researched include front surface morphology, surface grating, internal diffraction gratings, and rear patterning, which have shown higher efficiencies [1] [2] [3] [4] . However, a majority of these results are due to processes that are uncommon, expensive, or not applicable outside of a lab environment. A novel solution that traps photons and increases solar cell performance without increasing manufacturing costs will aid in the commercial proliferation of photovoltaics.
Goals
The main goal of this research was to investigate the optimal design parameters for hybrid multi-junction silicon (HMJSi) solar cells through modeling and simulation. HMJ-Si cells, which are stacked silicon solar cells with an insulating air gap between them, were designed with front and rear contact geometries that exploit interference patterns for enhanced light management. This paper developed interference patterns through rigorous MATLAB® modeling and studied their far-field behavior using Lumerical® Solutions, a finite-difference time-domain Maxwell equations solver. The expected outcome was contact grating parameters (width and spacing) for subsequent physical model testing of HMJ-Si solar cells. 
HYBRID-MULTI JUNCTION SILICON SOLAR CELLS
Structure
HMJ-Si solar cells have two characteristics that distinguish them from traditional cells: patterned intermediate grating contacts and an isolating air gap. These are the fundamental components of the architecture which lead to light trapping via interference pattern formation. The top cell's front contacts were designed on the unpolished side of a wafer using a bus and finger contact design that optimizes absorption 5 . Using the unpolished side of a wafer enhances absorption due to the random morphology and diffuse nature of the surface.
The rear contact of the top cell consisted of a grating pattern in lieu of the fully covered, unpatterned rear contact typical in traditional solar cells. The bottom cell's front contact also consisted of a grating pattern but was designed with a modified geometry that matched the destructive interference bands produced by the rear contact of the top cell. In order to capture as many freed electrons as possible, the bottom cell's rear contact remained unpatterned and metal interconnects provided contact between the two intermediate grating contacts. The metal interconnects also maintained a 385μm the air gap between the solar cells. The top cell was p-type silicon and the bottom cell was n-type silicon. This diode orientation was selected in order to provide the HMJ-Si with a common anode (Figure 2 ). The combination of these parameters, given optimized grating contacts, provides in a low-cost commercially available method of enhanced light trapping. 
Operation
Once solar radiation reaches the HMJ-Si solar cell, it has four chances of being absorbed. It first enters the top cell where a majority of the photocurrent is generated. Unlike traditional solar cells where light waves that reach the rear contact can be reflected out of the cell, the HMJ-Si architecture lets them propagate through the rear contact grating. The result is interfering waves. The waves are absorbed by the bottom cell with minimal reflection because its front contacts are located completely within the destructive interference bands. As the waves continue to move through the bottom cell they generate photocurrent until reaching the solid rear contact. At that point, the waves are reflected back into the bottom cell for a third opportunity of absorption. The fourth chance occurs when any remaining light re-enters the top cell. This advanced light trapping scheme offers increased absorption and photocurrent harvesting from silicon solar cells when the grating contact geometries are matched with the air gap distance. Therefore, optimal grating width and spacing for HMJ-Si applications were explored through MATLAB® modeling and finite-difference time-domain (FDTD) simulation.
MODELING AND SIMULATION
MATLAB® Modeling
MATLAB® is a high-level language environment used for numerical computation and visualization. It offers fine-tuned, mathematically-based light wave propagation modeling and can account for phase delay and optical aberrations. In order to accurately model light wave behavior, the Rayleigh-Sommerfeld formula was used 6 : (1) This double-summation formula takes a discrete point in the N x M source plane U(ξ,η) and propagates it a distance r via Fourier transformation to every point in the resulting plane U(x,y) where the intensity is measured. Once every point in the source plane has been propagated, the process is repeated for each wavelength, λ. This investigation included wavelengths from 800nm to 1100nm in 10nm increments with a fixed air gap distance, z = 385μm. Although the distance from Earth to the sun is large enough for sunlight to be approximated as a series of plane waves in Equation 1, its diameter does have an effect on how incident light reaches a surface. The maximum angle of light subtended by the sun, 0.005 radians, was accounted for by applying a tilt factor to each source plane from -0.005 to 0.005 in 0.001 increments.
The finalized MATLAB® code ran a recursive nested summation algorithm for each point from a source plane for eleven tilts at 31 distinct wavelengths to record the resulting intensity pattern. This algorithm was applied to 40 different grating patterns with geometries that ranged from 100μm contact width and 250μm separation to 500μm width and 900μm separation. The grating patterns were modeled by constructing a matrix of 1's and 0's which was multiplied with the source wave to periodically mask intensities. Using MATLAB® to model light wave behavior enabled extensive parameter sweeps and adjustments to determine grating patterns sufficient for 3D simulation and verification.
Lumerical® FDTD Solutions Simulation
Finite-difference time-domain 3D simulation offers an advantage over 2D modeling since it takes into account more extensive real-world effects such as resonance and fringing due to structure depth. Lumerical® FDTD Solutions software is capable of calculating the 3D Maxwell equations for light waves with accuracy down to the wavelength scale. The main components of the simulation were the grating structure, simulation region, and source wave. The grating structure was built as a 3D model for light wave interaction with the following parameters: 150nm thick, 400μm wide, 450μm spacing, and aluminum material. The length of the grating was considered infinite since it extended outside of the simulation region. The simulation region identifies and assigns boundary conditions for the light waves. It also defines the accuracy of the calculations and allows one structure to be repeated for periodic structures. To accommodate this, the boundary conditions (BCs) in the z-direction were set as periodic, making the total spacing between gratings 900μm. The remaining BCs were anti-symmetric in the y-direction and perfectly matched layers (PML) in the x direction. PML BCs are an artificial perfectly absorbing layer to avoid unintentional fringing effects.
The last major simulation component was the source wave, which was selected as "plane wave" from the pre-defined software database. Finally, the source was adjusted to represent 800-1100nm by editing its bandwidth properties. Once the parameters were set, the simulation was run and the near field intensity values were generated to verify light wave propagation and interaction.
RESULTS AND ANALYSIS
MATLAB® Results
Initial modeling was accomplished without plane wave tilts to determine if periodic interference pattern formation was feasible. These models validated the application of micron-scale grating for interference formation. Subsequent models incorporating plane wave tilt were compared to early results to determine their effects. Examination indicated that the patterns suffered nominal intensity losses as the incident angle increased while maintaining destructive interference bands.
The models for each grating trail were then analyzed to determine which geometry produced interference patterns with destructive bands at least 200μm wide. Although there were multiple options, only two grating patterns produced a high disparity of minimum/maximum intensity values along with recurring destructive bands. These geometries were 400μm contact width separated by 900μm and 440μm contact width with 840μm separation. The resulting intensity patterns are shown in Figures 4 and 5 . In order to provide an accurate periodic representation of the pattern without introducing unintentional plane-edge decay effects, the intensity values were recorded over a finite 2200μm-wide section at the center of the model. The detector plane in the model represented the front of the bottom cell. Thus, the destructive intensity bands can be used to identify the maximum bottom cell grating width. Although both grating patterns are capable of photon management through interference pattern generation, the 400μm/900μm grating pattern was selected for Lumerical® simulation due its throughput of 69.2% instead of the 65.6% from the 440μm/840μm grating.
Lumerical® FDTD Solutions Results
Since the 400μm/900μm grating pattern offered a higher throughput, it was simulated in a 3D environment to determine if fringing effects due to grating thickness significantly altered the interference pattern. First, the simulation was run to generate the near-field response of the grating subjected to a plane wave. Then, in order to determine the far-filed intensity pattern, a specialized script was used which applied a mathematical algorithm to the near-field results. The outcome was a representation of the intensity pattern after propagating 385μm.
Since the software has periodic functionality built-in the model produces the far-field field intensity for only one period. The periodicity is accurately visualized by using another script to "stitch" the images together (Figure 6a ). The simulation results confirmed that the resulting light waves reach the detector plane in constructive and destructive interference bands wide enough for solar cell contacts.
Additionally, due to the grating structures being three orders of magnitude thinner than their width, the fringing effects evident at the detector plane were negligible (Figure 6b) . Therefore, the front contacts of the bottom HMJ-Si solar cell can be placed completely within the destructive interference and avoid fringing while maintaining a width suitable for collecting freed electrons. 
CONCLUSION
HMJ-Si Grating Patterns
This paper investigated the use of grating pattern contacts to generate interference patterns in hybrid-multi junction silicon (HMJ-Si) solar cells. Grating parameters were modeled in MATLAB® with varying widths and spacing in order to determine optimal design parameters for incident plane waves. Each model incorporated wavelengths from 800-1100nm in 10nm increments and tilt from -0.005 to 0.005 radians in 0.001 increments. Analysis identified that contact widths of 440μm spaced 840μm apart generated viable interference patterns but are limited by a throughput of 65.6%. Contacts with 400μm widths spaced 900μm apart produced interference patterns as well but maintained a higher throughput of 69.2%. Therefore, the 400μm/900μm grating was selected for 3D simulation using a Maxwell equations finite-difference time-domain (FDTD) software, Lumerical® Solutions. The simulation results verified that the 3D characteristics of the grating contacts do not adversely affect interference pattern formation, further supporting the MATLAB® results and identifying key dimensions for physical model testing.
